In order to investigate the solubility of Stevioside and Rebaudioside A in different solvents (ethanol, water, ethanol:water 30:70 and ethanol:water 70:30), supersaturated solutions of pre-crystalized steviol glycosides were maintained at different temperatures (from 5°C to 50°C) to reach equilibrium. Under these conditions significant differences were found in the extent of solubility. Rebaudioside A was poorly soluble in ethanol and water, and Stevioside was poorly soluble in water. Solvent mixtures more effectively promoted solubilisation, and a significant effect of temperature on solubility was observed. The two steviol glycosides showed higher solubilities and this behavior was promoted by the presence of the other sweetener. The polarity indices of the solvents were determined, and helped to explain the observed behavior. Several solute-solvent and solute-solute interactions can occur, along with the incidence of a strong affinity between solvents. The obtained results are in accordance with technological applications of ethanol, water and their binary mixtures for Stevioside and Rebaudioside A separations.
Introduction
The Paraguayan herb Stevia rebaudiana (Bert) Bertoni, commonly called "Ka-Hee", "stevia" or "hierba dulce" (sweet herb) is a rich source of natural sweeteners named steviol glycosides (SGs).
In recent years, these phytochemicals have gained great attention (Carakostas, Prakash, Kinghorn, Wu, & Soejarto, 2012; Chranioti, Chanioti, & Tzia, 2016) . Stevia sweeteners are used in many countries within a range of food formulations and for different pharmaceutical purposes. SGs are organic moieties that have active hydrophilic (glycoside) and hydrophobic (diterpene) groups (Upreti, Strassburger, Chen, Wu, & Prakash, 2011) . Stevioside (Stv) and Rebaudioside A (RbA) are the main SGs extracted from stevia (Carakostas et al., 2012; Kolb, Herrera, Ferreyra, & Uliana, 2001 ). RbA, which has an extra glucose unit relative to Stv, is superior in terms of both sweetness and quality of taste (Chranioti, Chanioti, & Tzia, 2015) . Physicochemical properties of these sweeteners also differ from one another. Several studies have described the ability of SG to improve the solubility of other sweeteners or biomolecules (Lee, 2011; Goto & Clemente, 1998; Zhang et al., 2011; Uchiyama, Tozuka, Nishikawa, & Takeuchi, 2012) . Other studies explore the capability of SGs to form different crystalline forms in addition to the amorphous form Copyright ©2016 ISEKI-Food Association (IFA) 10.7455/ijfs/5.2.2016.a4 (Carakostas et al., 2012; Lee, 2011; Prakash, DuBois, Cios, Wilkens, & Fosdick, 2008 Upreti et al., 2011) . Solvents play an important role in physicochemical processes including extraction, solubilization and crystallization (Kerton, 2013; Reichardt, 2004a) . Water is the selected solvent for the recovery of SGs from stevia leaves and it is preferred for the development of new pharmaceutical or food additives (Abelyan, Markosyan, & Abelyan, 2011; Rai, Majumdar, & De, 2012; Lee, 2011; Uchiyama et al., 2012) . These systems include SGs, among other biomolecules or components, in complex matrices that can inhibit the crystallization of sweeteners, keeping them in suspension or dissolution. However, water is not appropriate industrially for the final steps in purification of SGs. Such operations normally include solubilizations or crystallizations, made with alcoholic solvent (Abelyan et al., 2011; Carakostas et al., 2012; Jonnala, Babu, Vijay, & Paramvir, 2006; Kumar, 1986; Markosyan, 2011; Prakash, G., G., & Upreti, 2015; Persinos, 1973) . In pure water, the reported solubilities of Stv and RbA were only 8 g/L and 1.3 g/L (at room temperature) (Kinghorn, 2002) . In alcohols such as ethanol or methanol, SGs exhibit differential behaviour (Kinghorn, 2002; Carakostas et al., 2012; Jonnala et al., 2006; Persinos, 1973) . However, the existing information about the characteristics of these differences is scarce. There are no previous reports describing the variation in solubility of SGs in water, ethanol or their mixtures with temperature. In the present study, two premises were considered. First, the solubilization and crystallization process cannot only be affected by changing the temperature but also by changing the solvent polarity. Second, when solubilization and crystallization are carried out jointly they can take a long time to reach equilibrium (Kerton, 2013; Jones, 2002; Reichardt, 2004a) . Based on these premises, we investigated the solubility of Stv and RbA in water, ethanol and binary mixtures (ethanol:water), at different temperatures (from 5°C to 50°C), in order to determine the effect of the polarity of each solvent on this physicochemical property.
Materials and Methods

Materials
Solvents were purchased from various suppliers: ethanol 99.5 % bought from Cicarelli (Reagents S.A., San Lorenzo, Argentina) and water was deionised using a water purification system. HPLC grade acetic acid, acetonitrile, water and ethanol from Merck (Darmstadt, Germany). Other chemicals used were of analytical grade. Stevia sweeteners were obtained from in-house purification work on stevia samples according to Kolb et al. (2001) . Crystals of Stv (purity of 95.0%) and RbA (purity of 99.5%) were obtained by crystallization from pure methanol and ethanol, as determined by chromatographic analysis (HPLC). These isolated SGs were used as standard compounds for HPLC and were assayed in the solubilization study.
Solubility study
The solvents employed in the study were ethanol, water, ethanol:water 30:70 (w/w) and ethanol:water 70:30 (w/w). Binary mixtures were prepared by mixing pure solvents in adequate proportion to obtain dissolutions with density according to reported values (Poling, Thomson, Friend, Rowley, & Wilding, 2008) . Densities were measured with a precision densimeter (FITE, Argentina). The empirical polarity indices ET(30) and the normalized polarity indices ET(N) were estimated as described below. Densities, proportion solvent:solvent (v/v), ET(30) and ET(N) for the solvents are listed in Table 1 . The experimental conditions for the solubility study were defined by preliminary assays. First, sweeteners were vacuum dried to constant weight (at 60°C). Then, tubes containing 4000 mg of crystals in 10 mL of solvent were sonicated at 50°C for 60 min. The set of tubes, hermetically sealed, was maintained at 5°C for five days to promote solubilization or crystallization. For higher temperatures, mixtures of dry sweeteners and solvent (4000 mg in 10 mL of solvent) were sonicated (60 min) at the temperature of the assay and kept in a thermostatic system (Shott Gerate, model CTI 150, USA) with recirculation IJFS October 2016 Volume 5 pages 158-166 of a heating fluid. The time of experimentation was 48 hours and the temperatures were 30°C, 35°C, 40°C, 45°C and 50°C. Solubility for the mixture Stv:RbA (1:1 w/w) was also tested in binary solvents too. The experiment was repeated twice, and the higher value of concentration was considered as the saturation solubility for each condition.
Steviol glycosides concentration
The concentration of solubilized SGs was assayed with HPLC-DAD using the external standards method according to Kolb et al. (2001) . The test mixtures were quickly centrifuged and the supernatant was diluted in ethanol, ethanol:water or water to obtain convenient dissolutions for the assay (in ethanol:water 70:30 w/w). A SHI-MADZU LC-20 AT prominence chromatograph was employed with the following operating conditions: column zorbax amino of 4.6 250 mm; detector: UV at 210 nm; detector sensitivity adjusted to 0.04 AUF; ambient temperature; mobile phase: acetonitrile:water 80:20 (v/v) and pH 5. For the calibration curve, stock solutions of 0.3, 0.6 and 1.0 g/L of standard compounds in ethanol:water 70:30 (w/w) were prepared. The parameters for external calibration curves were obtained by fitting experimental data through linear regression from replicate injections of standard solutions. The compounds in each sample were identified by comparing their retention times with those of the standards.
3 Results and Discussion
Solubility in water
The solubility curves of Stv and RbA in pure water at different temperatures are shown in Fig.  1 .A (and Table 2 ). Sweeteners pre-crystalized in water are poorly soluble in this solvent (<8 g/L). Solubility presents slight variation (from 5°C to 50°C) but does not increase significantly with increasing temperature ( Fig. 1.A) . This behaviour is in accordance with previously reported data of water solubility for these SGs (Upreti et al., 2011; Kinghorn, 2002) .
As it is well known, stevia sweeteners are difficult to dissolve in water. This behavior does not change with the temperature, and crystallization was the principal phenomenon in the polar solvent (from 5°C to 50°C). Solubility values are in contrast with previous data for SGs concentrations in more complex systems (Goto & Clemente, 1998; Rai et al., 2012; Uchiyama et al., 2012) , suggesting that other components (organic moieties or compounds of the complex matrix) can influence the crystallization or solubilization phenomena as well as the crystalline or amorphous form of SGs. 
Solubility in ethanol
The solubility curves of Stv and RbA in ethanol at different temperatures are shown in Fig. 1 .A and Fig. 1 .B (Table 2) . RbA exhibited poor solubility in ethanol and the equilibrium line was flat (<4.0 g/L) from 5°C to 50°C (Fig. 1.A) . Stv showed higher values, with a strong concentration temperature dependence: 40.5 g/L at 5°C rising sharply to 281.3 g/L at 50°C (Fig. 1.B) . The capability of some alcohols to promote SG solubilization or crystallization was traditionally a separation mode for stevia sweeteners. The results obtained are in accordance with previously reported innovations, which use ethanol or ethanol with a low percentage of water to separate Stv from RbA by preferential solubilization of Stv and crystallization of RbA (Abelyan et al., 2011; Evans et al., 2010; Jackson, Francis, & Chase, 2011; Jonnala et al., 2006; Kienle, 1992; Kumar, 1986; Markosyan, 2011) .
Solubility in binary mixtures
The solubility curves of Stv and RbA in ethanol:water (30:70) are shown in Fig. 2 .A (Table 2 and Table 3 ). The characteristic HPLC chromatogram for SGs alone is shown in Fig. 3 . In these systems, there is an increase of the solubility with temperature. Stv concentration rises sharply from 4.5 and 177.8 g/L and from 7.1 to 156.8 g/L for RbA (5°C to 50°C). In the mixture, the increase of the solubility with the temperature was favored by the other SG (see Fig.  3 .A). Stv concentration at 5°C was 148.3 g/L and rapidly increased to >400 g/L at 50°C. The same occurs with RbA and its solubility varying from 146.6 g/L (5°C) to >400 g/L (50°C). As can be seen, crystallization of each SG is limited by the presence of the other SG and the solubility is favored by the mixture, increasing continuously with temperature. Solubility curves of SGs in ethanol:water 70:30 depending on temperature are shown in Fig. 2 .B (Table 2 and Table 3 In general, solvent mixtures more effectively promoted the solubilization phenomena and this behavior was favored by the presence of other SGs and a higher percentage of water in the binary solvent. The temperature had a significant effect on these variations.
Solvents polarity and solubilization
In order to study hydroalcoholic mixtures as solvent, ET(30) and ET(N) were used as proposed by (Koshima, Nakamoto, Aracava, Oliveira, & Rodrigues, 2015) . ET(30) in Kcal/mol and ET(N) dimensionless, were calculated according to 1 (Langhals, 1991) and 2 (Reichardt, 2004b) :
For ethanol:water mixtures, E D and C* values are 2.04 Kcal/mol and 5.47 mol/L, respectively (Langhals, 1991) ; Cp is the molar concentration of water (mol/L) and ET(30) 0 is the ET(30) index related to ethanol:water (Reichardt, 2004b) . Values of ET(30) and ET(N) are listed in Table  1 . ED(30) for water is 63.1 Kcal/mol and 51.9 Kcal/mol for ethanol (Reichardt, 2004b) . For pure ethanol or water, it is well know that there is a similarity between these solvents (Kerton, 2013; Reichardt, 2004b) , however, water is more polar and has a great solvation power. Similar values of ED(30) were estimated for binary mixtures with 30% of water (53.7 Kcal/mol) and 70% of water (53.0 Kcal/mol). These results are consistent with the behavior observed before with these binary solvents from 30% to 70% of ethanol (da Silva, Ricken, Silva, & Machado, 2002) . Considering the dimensionless scale of ET(N), it varies from 0.000 for the least polar solvent (tetramethylsilanethe) to 1.000 for the most polar solvent (water); with a value of 0.654 for ethanol (Reichardt, 2004b) . In mixtures, the ET(N) were 0.690 and 0.710 for solvents with 70% and 30% of ethanol, respectively (Table 1 ). Many properties of solvents are dependent on their molecular structure (Kerton, 2013) . For binary mixtures, the intermolecular interactions can be described by several factors which determine the mutual solubility and the polarity or the solvation power (Kerton, 2013; Reichardt, 2004b) . Between ethanol and water, hydrogen bond interactions are really important. For their binary mixtures, the polarity can be used to predict the solubility of different compounds (Kerton, 2013; Reichardt, 2004b) . This property increases as the value of water mass fraction in the solvent increases (Koshima et al., 2015) . In relation to the behaviour of sweeteners, an important consideration is that SGs are organic moieties with glycoside groups linked to the hydrophobic portion (diterpene). SGs can interact among themselves but the glycoside groups are limited in the ways they can interact with the solvent. On the other hand, the solubility should be considered in conjunction with the crystallization process in ethanol and water. The results obtained may be explained by the existence of competition between SGs-solvents (solubilization) and SG-SG (crystallization) interactions, and the incidence of a strong affinity between solvents in all the cases. In this respect, crystallization phenomenon cannot only be affected by changing solubility with changing temperature but also by changing solubility with changing solvent polarity (Reichardt, 2004a) . The concept of polarity (or solvation power) is not straightforward because the solvent can be involved in different ways with the solubilizing species (Kerton, 2013; Reichardt, 2004b) . In pure water with ET(N)= 1.000, interactions SG-SG are superior to interactions SG-solvent and the sweeteners preferentially crystallize. In ethanol, ET(N)= 0.654, RbA with an extra glucose unit crystallizes and Stv is solubilized showing a good behaviour with increasing temperature up to 50°C. In binary solvents with ET(N)=0.690 and 0.710 (for 70% and 30% of ethanol), the solvent polarity can affect the SG-SG interactions and the nucleation of sweeteners (Jones, 2002; Reichardt, 2004a) . In these systems, higher solubilities were observed as in most cases Stv and RbA were not capable of producing crystalline forms. Each SG can inhibit the crystallization of the other SG, and this behavior is enhanced by increasing temperature. Finally, in ethanol:water 30:70, higher interactions are possible between glycosides groups and water (which has the highest solvation power) and the solubility can be enhanced. The results presented in this study are in accordance with the industrial applications of ethanol, water and their mixtures but are not conclusive. The polarity or the solvation ability of the solvents can partially explain the solubilization of SGs. However, further investigations and additional confirmation will be needed to infer the true nature of both SG-SG and SG-solvent interactions in ethanol:water mixtures.
Conclusions
The solubility of Stv and RbA in ethanol, water and their mixtures was studied. The results obtained are in accordance with technological applications of this solvent for Stv and RbA separations. RbA was poorly soluble in ethanol and water whilst Stv was poorly soluble in water. In general, binary solvents more effectively promoted the solubilization phenomena, and there was a significant effect of the temperature on solubility. This behaviour was favored by the presence of a high percentage of water in the binary mixture. In ethanol:water, the solubility was also promoted by the presence of other sweeteners, and each SG inhibited the crystalization of the other SG. The polarity or solvation power of ethanol, water or mixing solvents can partially explain the solubilization of stevia sweeteners. Several favourable or unfavourable SGs-solvent and SG-SG interactions can occur, along with the incidence of a strong affinity between solvents.
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